INTRODUCTION {#s1}
============

Prostate cancer (PCa) is one of the most commonly diagnosed male malignancies in the United States. PCa accounts for approximately 19% of the new cases each year, and up to 4% of patients have metastases at the time of diagnosis \[[@R1], [@R2]\]. Aberrant cellular metabolism is a core hallmark of cancer \[[@R3]\]. The highly proliferative nature of cancerous cells imposes a large requirement for biosynthesis of amino acids, nucleic acids and lipids. Cancer cells generally exhibit increased conversion of glucose to lactate by aerobic glycolysis, a phenomenon termed Warburg effect. However, it does not seem the case in primary prostate cancers since PCa cannot be effectively detected by ^18^F-deoxyglucose positron emission tomography (^18^F-FDG-PET). Instead, due to the fact that choline is an essential component of the cell membrane and choline kinase activity is upregulated in PCa \[[@R4]\], ^11^C-choline PET is superior to ^18^F-FDG-PET for PCa imaging \[[@R5]\] and is approved by US FDA for detection of recurrent PCa. Accordingly, increased *de novo* lipid synthesis is often detected in PCa where overexpression of lipogenic enzymes such as FASN occurs in both early (prostate intraepithelial neoplasia (PIN)) and late (metastasis) stages of PCa \[[@R6]-[@R8]\]. Transgenic animal studies demonstrate that *FASN* is a *bona fide* oncogene in PCa \[[@R9]\]. Thus, fatty acid metabolism has become a potential focus for treatment of PCa.

FASN is a key enzyme for *de novo* fatty acid (FA) synthesis. It is a 270-kDa enzyme that forms a dimer in cytoplasm, which can process one acetyl-CoA and seven malonyl-CoA molecules to produce palmitate and other long-chain FA. Expression and activity of FASN are regulated by growth factors, hormones and dietary factors \[[@R10]\]. FASN expression has been shown to be upregulated in early stage of PCa and increased during disease progression \[[@R11]\]. High expression of FASN also associates with poor prognosis and inhibition of FASN results in cancer cell death and reduction in tumor volume \[[@R12], [@R13]\]. The regulation of FASN expression appears to be very complicated. It occurs at both transcriptional and post-transcriptional levels. However, the precise mechanism underlying FASN expression is not fully understood.

P300, also known as EP300 (E1A binding protein P300), is an essential co-activator in gene transcription control. The main function modules in this protein consist of: (a) bridging DNA binding factors and general transcription factors; (b) catalyzing histone acetylation via its intrinsic histone acetyltransferase activity; and (c) acetylating transcriptional factors to further facilitate their activity. Through these various mechanisms, P300 is involved in the regulation of expression and function of a large number of tumor-relevant proteins, including oncoproteins c-Myc \[[@R14]\], CREB \[[@R15]\] and androgen receptor (AR) \[[@R16]\] and tumor suppresser proteins p53 \[[@R17]\] and breast cancer gene-1, BRCA1 \[[@R18]\]. Therefore, P300 is a double-edged sword for tumor growth depending on the cell types and the associated signaling pathways. The previous studies consistently show that P300 is overexpressed in human PCa and P300 overexpression promotes proliferation of PCa cells in culture and in mice and its expression associates with human PCa progression \[[@R16], [@R19], [@R20]\]. These findings suggest that P300 is a major promoter of PCa, although the underlying mechanism remains elusive.

In the present study, we found that P300 binds to the *FASN* gene promoter and transcriptionally activates *FASN* gene expression in PCa cells. We also showed that P300 induced FA synthesis and lipid droplet accumulation in PCa cells both *in vitro* and *in vivo*. We found that P300 protein expression positively correlates with FASN protein levels in human PCa specimens and demonstrated that FASN is a key downstream mediator of P300-induced PCa cell growth *in vitro* and *in mice*.

RESULTS {#s2}
=======

P300 binds to and regulates H3K27Ac in the *FASN* gene promoter in PCa cells {#s2_1}
----------------------------------------------------------------------------

FASN is a key enzyme that regulates FA metabolism and plays an important role in the energy balance in cancer cells. It is found overexpressed in PCa. P300 is a major transcription co-activator that promotes PCa growth and progression. We sought to determine whether P300 regulates *FASN* gene expression in PCa cells. Meta-analysis of P300 ChIP-seq data in the public domain showed that there is an obvious binding peak near the transcription start site (TSS) at the promoter of the *FASN* gene in LNCaP PCa cells (Figure [1A](#F1){ref-type="fig"}). The authenticity of the promoter is evident by the enrichment of the histone modification H3 lysine 4 trimethylation (H3K4Me3) \[[@R29]\]. We performed a CHIP assay to confirm the binding of P300 at the *FASN* promoter in LNCaP cells. We found that enrichment of P300 at the *FASN* promoter was more than 10-time higher than non-specific IgG (Figure [1B](#F1){ref-type="fig"}), indicating that P300 binds to the *FASN* gene promoter in PCa cells.

![P300 binds to the *FASN* gene promoter\
**A.** Screen shots from the UCSC genome browser showing signal profiles of P300 binding (ChIP-seq) and H3K4Me3 modifications (ChIP-seq), a histone mark of promoters as reported previously by others in LNCaP cells \[[@R46]\]. **B.** P300 binds to the *FASN* gene promoter as demonstrated by ChIP assay. LNCaP cells were cultured in 10% FBS medium for 48 h and cell lysates were subject to ChIP assay using control IgG or P300 antibody. Immunoprecipitated DNA was analyzed by real-time PCR using the primers in the predicted P300 binding region in the *FASN* gene promoter. **C.** P300 knockdown affects H3K27Ac levels at the *FASN* promoter. LNCaP cells were transfected with non-specific (NS) control or P300-specific siRNAs for 48 h prior to ChIP assay with control IgG or H3K27Ac antibody and western blot analysis with indicated antibodies. **D.** The HDAC inhibitor treatment increases H3K27Ac levels at the *FASN* promoter. C4-2 cells were treated with DMSO or Panobinostat (LBH589) at 20 nM for 24 h prior to ChIP assay and western blot analysis with indicated antibodies. Columns, mean values among three replicates; error bars, SD. \*\* *P* \< 0.01.](oncotarget-07-15135-g001){#F1}

Because P300 primarily functions as a histone acetyltransferase, we sought to assess the enrichment of H3K27Ac in the *FASN* promoter using ChIP assays. We found that H3K27Ac was highly enriched in the *FASN* promoter in LNCaP cells (Figure [1C](#F1){ref-type="fig"}). Importantly, knockdown of endogenous P300 substantially decreased H3K27Ac levels in the *FASN* promoter as well as global H3K27Ac levels (Figure [1C](#F1){ref-type="fig"}). The effectiveness of knockdown of P300 protein was evident in western blot analysis (Figure [1C](#F1){ref-type="fig"}). These data suggest that P300 plays an important role in mediating H3K27Ac in the *FASN* promoter. In agreement with this observation, treatment of LNCaP cells with panobinostat (LBH589), a pan histone deacetylase (HDAC) inhibitor, not only increased the global level of H3H27Ac, but also significantly increased H3K27Ac levels in the *FASN* promoter, and this effect was not due to increased expression of P300 protein (Figure [1D](#F1){ref-type="fig"}). These data suggest that P300 functions as an important regulator of the *FASN* gene by binding to and increasing H3K27Ac levels in the promoter.

P300 regulates FASN mRNA and protein expression in PCa cells {#s2_2}
------------------------------------------------------------

We next examined the effect of P300 on FASN expression at both mRNA and protein levels. DU145 cells were treated with non-specific (NS) control or P300-specific siRNA. We demonstrated that P300 was effectively knocked down at both mRNA and protein levels and that knockdown of P300 largely decreased FASN mRNA and protein expression in these cells (Figure [2A](#F2){ref-type="fig"}-[2C](#F2){ref-type="fig"}). Similar results were obtained in other two PCa cell lines LAPC4 (Figure [2D](#F2){ref-type="fig"}-[2F](#F2){ref-type="fig"}) and PC-3 (Figure [2G](#F2){ref-type="fig"}-[2I](#F2){ref-type="fig"}). It is worth noting that the effect of P300 knockdown on FASN expression varied in different PCa cell lines (Figure [2C](#F2){ref-type="fig"}, [2F](#F2){ref-type="fig"} and [2I](#F2){ref-type="fig"}), suggesting that P300 regulation of FASN expression is likely influenced by other signaling pathways in PCa cells. Nevertheless, these data indicate that P300 regulates the expression of FASN mRNA and protein in various human PCa cell lines.

![P300 regulates the expression of FASN mRNA and protein\
DU145 **A-C.** LAPC4 **D-F.** and PC-3 **G-I.** cells were transfected with non-specific (NS) control or P300-specific siRNAs. 48 h after transfection, mRNA of P300 and FASN (A-B, D-E and G-H) were measured by real-time PCR and protein expression of P300, FASN and ERK2 (loading control) were analyzed by western blot (C, F and I). Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05.](oncotarget-07-15135-g002){#F2}

P300 contains a histone acetyltransferase (HAT) catalytic domain, which enables to promote transcription of proximal genes. The HAT activity also promotes acetylation of certain transcription factors, hence modulating the function of key transcriptional regulators \[[@R30]\]. Since we found that P300 binds to the *FASN* promoter and modulates H3K27Ac in that region, we sought to determine the role of the P300 HAT domain in regulation of FASN expression. We demonstrated that forced expression of wild-type P300, but not the HAT-deletion mutant (P300ΔHAT) increased expression of FASN at both mRNA and protein levels in DU145 cells ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). These data suggest that the HAT activity is important for P300 regulation of FASN expression in PCa cells.

The role of CBP in regulation of FASN expression in PCa cells {#s2_3}
-------------------------------------------------------------

CBP (CREB binding protein) is a homolog of P300. These two proteins share approximately 75% sequence similarity and approximately 63% identity. Most characterized functional domains in CBP and P300 are within the highly conserved regions (CRs) \[[@R31]\], suggesting CBP as a potential regulator of FASN expression. To test this hypothesis, DU145 cells were transfected with non-specific (NS), CBP-specific and/or P300-specific siRNAs. After 48 h of transfection, *FASN* mRNA expression was measured by real-time PCR. We found that knocking down P300 did not affect CBP expression and vice versa ([Supplementary Figure S2A and S2B](#SD1){ref-type="supplementary-material"}). While P300 knockdown significantly decreased FASN *mRNA* expression, CBP knockdown alone only had minimal effect on FASN expression ([Supplementary Figure S2C](#SD1){ref-type="supplementary-material"}). Intriguingly, knockdown of CBP resulted in a significant decrease in FASN expression in P300-knockdown cells where P300 levels were very low ([Supplementary Figure S2C](#SD1){ref-type="supplementary-material"}). While we found that CBP enables to regulate FASN expression in cells with low levels of P300 expression, our data cannot rule out the possibility that CBP alone also plays a major role in FASN expression since western blot data showed that the effectiveness of CBP knockdown was not robust as P300 knockdown in these cells ([Supplementary Figure S2D](#SD1){ref-type="supplementary-material"}). These results are consistent with the previous findings that CBP and P300 are homologous proteins and while each has unique functions, they share many common roles in regulation of PCa cell growth and survival under both *in vitro* and *in vivo* conditions \[[@R16], [@R32], [@R33]\].

P300 regulates lipid accumulation in PCa cells both *in vitro* and *in vivo* {#s2_4}
----------------------------------------------------------------------------

Since FASN is an important enzyme for *de novo* FA synthesis and is crucial for PCa progression, we focused on the effect of P300 on lipid accumulation in PCa cells. LNCaP cells were treated with non-specific (NS) or P300-specific siRNAs. After 72 h of treatment, we performed oil red O staining. As expected, P300 knockdown substantially inhibited FASN expression (Figure [3A](#F3){ref-type="fig"}); it also markedly decreased the accumulation of lipid droplets in LNCaP cells (Figure [3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}). The findings in cultured cells prompted us to determine whether P300 regulates FASN expression and lipid accumulation *in vivo*. To this end, we employed prostate-specific *Pten* knockout mice as a PCa model. We demonstrated previously that knockout of p300 decreases cell proliferation in Pten-null tumors and delays tumor progression \[[@R16]\]. RT-qPCR analysis demonstrated that *Fasn* mRNA was readily expressed in *Pten* knockout (*Pten*^pc−/−^) mouse prostate tumors (n = 3) (Figure [3D](#F3){ref-type="fig"}). Importantly, *Fasn* mRNA level was significantly downregulated in *Pten* and *p300* double knockout prostatic cells (*Pten*^pc−/−^;*P300*^pc−/−^) in mice (n = 3) (Figure [3D](#F3){ref-type="fig"}). Immunohistochemistry (IHC) analysis showed that p300 knockout also decreased Fasn protein expression in mouse prostate tumors (Figure [3E](#F3){ref-type="fig"}). In line with these observations, p300 knockout also resulted in a marked decrease in accumulation of lipid droplets in *Pten* deletion tumors (Figure [3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). Thus, P300 regulates FASN expression and lipid accumulation in PCa cells under both *in vitro* and *in vivo* settings.

![P300 affects the lipid accumulation in PCa both *in vitro* and *in vivo*\
**A-C.** P300 affects the lipid accumulation in PCa cells cultured *in vitro*. **A.** LNCaP cells were transfected with non-specific (NS) or P300-specific siRNAs. 72 h after transfection, cells were harvested for western blot to measure the protein expression of P300, FASN and ERK2 (loading control). **B.** LNCaP cells were transfected with non-specific (NS) or P300-specific siRNAs as in (A) and cells were subjected to oil red O staining. Scale bar, 10 μm. **C.** Quantitative data of Oil red O staining in cells shown in (B). **D-F.** P300 affects the lipid accumulation in PCa *in vivo*. **D.** RT-qPCR analysis of expression of *Fasn* mRNA in the prostate tissues from mice (n = 3) with the indicated genotypes at 4 months of age. **E.** Fresh frozen or FFPE prostate tissues from 4-month-old Pten^pc−/−^, Pten^pc−/−^;P300^pc−/−^ mice (n = 3/group) were sectioned (5 μm). Frozen sections were fixed with 4% paraformaldehyde in PBS and then followed by oil red O staining. FFPE tissues were used for p300 and Fasn IHC. Different scale bars (10 μm for oil red O staining or 200 μm for IHC) are indicated in different panels. F, Quantitative data of oil red O staining in prostate tissues shown in (E). Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05.](oncotarget-07-15135-g003){#F3}

Pharmacological inhibition of P300 decreases FASN expression and lipid accumulation {#s2_5}
-----------------------------------------------------------------------------------

In addition to the genetic method, we also employed a pharmacological approach to further determine the role of P300 in regulation of FASN expression and lipid metabolism. Curcumin, an active chemical in Asian spice turmeric, exhibits anticancer activity in several human cancer cell types \[[@R34], [@R35]\]. Curcumin has been identified as a potent inhibitor of P300/CBP HAT activity *in vitro* and *in vivo* \[[@R36]\]. LNCaP cells were treated with different concentrations of curcumin (0 - 7.5 μM) for 24 h and FASN mRNA and protein level were measured by RT-qPCR and western blot analysis, respectively. We demonstrated that curcumin treatment downregulated expression of FASN mRNA and protein in a dose-dependent manner in LNCaP cells (Figure [4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}). Similar results were obtained in castration-resistant C4-2 cells following curcumin treatment (Figure [4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}).

![P300 inhibitors affect FASN expression\
**A-D.** LNCaP (A-B) and C4-2 (C-D) cells were plated in 6-well plate and after 24 h, cells were treated with DMSO or different concentrations of curcumin. After 24 h of the treatment, mRNA of *FASN* were measured by real-time PCR and protein expression levels of FASN and ERK2 (loading control) were analyzed by western blot. **E-H.** LNCaP (E-F) and C4-2 (G-H) cells were plated in 6-well plate and after 24 h, cells were treated with DMSO or I-CBP112. After 24 h of the treatment, mRNA of *FASN* was measured by real-time PCR and protein expression of FASN and ERK2 were analyzed by western blot. Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05.](oncotarget-07-15135-g004){#F4}

The bromodomain is an evolutionarily conserved domain in P300 and CBP. It is important for P300 and CBP to recognize specific chromatin substrates and to coordinate chromatin remodeling and transcriptional activity \[[@R37], [@R38]\]. I-CBP112 is the first highly potent and selective P300/CBP bromodomain inhibitor, which selectively binds to the P300/CBP bromodomain and inhibits the function of these proteins. We demonstrated that I-CBP112 treatment decreased FASN mRNA and protein expression in both LNCaP (Figure [4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}) and C4-2 cells (Figure [4G](#F4){ref-type="fig"} and [4H](#F4){ref-type="fig"}). These data indicate that inhibition of P300 and CBP by small molecule inhibitors also decreased FASN expression in PCa cell lines.

We next examined the impact of pharmacological inhibition of P300 on lipid accumulation in PCa cells. We found that curcumin treatment significantly decreased lipid droplet accumulation in a dose-dependent manner in LNCaP cells (Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}). The oil red O staining also showed a significant decrease in the lipid accumulation in the cells treated with the P300/CBP bromodomain inhibitor I-CBP112 (Figure [5C](#F5){ref-type="fig"} and [5D](#F5){ref-type="fig"}). Thus, consistent with the effect on FASN expression, pharmacological inhibition of P300 and CBP also inhibits lipid accumulation in PCa cells.

![P300 inhibitors affect lipid accumulation in PCa\
**A.** LNCaP cells were plated in 6-well plate and after 24 h, cells were treated with DMSO or different concentrations of curcumin. After 24 h of the treatment, cells were subjected to oil red O staining. **B.** Quantitative data of oil red O staining in cells shown in (A). Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05. **C.** LNCaP cells were plated in 6-well plate and after 24 h, cells were treated with DMSO or I-CBP112. After 24 h of the treatment, cells were subjected to oil red O staining. **D.** Quantitative data of oil red O staining in cells shown in (C). Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05.](oncotarget-07-15135-g005){#F5}

P300 and FASN expression positively correlate in human PCa specimens {#s2_6}
--------------------------------------------------------------------

To gain the clinical relevance of P300 regulation of FASN expression observed in PCa cell lines, we sought to determine if P300 and FASN expression correlate in human PCa patient specimens. To this end, we examined the expression of these proteins by IHC in PCa specimens obtained from a cohort of 32 patients. Examples of both strong and weak staining of P300 and FASN proteins and hematoxylin and eosin (H&E) staining are shown in Figure [6A, 6B](#F6){ref-type="fig"} and [6C](#F6){ref-type="fig"}. The distribution of P300 and FASN protein expression in these specimens are shown in Figure [6D](#F6){ref-type="fig"}. Nonparametric Spearman rank correlation analysis indicates that there was a strong correlation between P300 and FASN protein expression in this cohort and the correlation is statistically significant (*r* = 0.6; *P* \< 0.001). Thus, expression of P300 positively correlates with FASN protein levels in human PCa specimens, suggesting that P300 may regulate FASN expression in PCa patients.

![Expression of P300 positively correlates with FASN protein levels in human PCa specimens\
**A-C.** Representative images of H&E staining (A), P300 (B), and FASN (C) IHC in prostate cancers exhibiting low (left panels) and high (right panels) expression of P300 and FASN proteins. **D.** Correlation analysis of the staining index (SI) for expression of P300 and FASN proteins in human PCa specimens examined. Nonparameter Spearman correlation co-efficiency and the *P* values are also shown.](oncotarget-07-15135-g006){#F6}

FASN is a key mediator of P300-induced growth of PCa cells in culture and in mice {#s2_7}
---------------------------------------------------------------------------------

Previous studies report that FASN expression is increased during PCa progression \[[@R11]\] and that P300 promotes PCa proliferation and progression \[[@R14], [@R16]\]. Next, we sought to determine the role of FASN expression in P300-mediated PCa cell growth. To this end, we first identified the most effective lentiviral FASN- and P300-specific short hairpin RNA (shRNA) (Figure [7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"}). Next, C4-2 cells were infected with control, FASN- and/or P300-specific shRNA and lentivirus-infected cells were used for western blot, MTS assay and animal studies. As demonstrated in Figure [7C](#F7){ref-type="fig"}, knockdown of both FASN and P300 was effective in C4-2 cells. MTS assay showed that knockdown of FASN or P300 alone decreased cell viability compared with the control group (Figure [7D](#F7){ref-type="fig"}). Importantly, no further decrease in cell viability was detected when both FASN and P300 were knocked down (Figure [7D](#F7){ref-type="fig"}). Similar to the results in C4-2 cells cultured *in vitro* (Figure [7D](#F7){ref-type="fig"}), knockdown of FASN or P300 alone inhibited growth of C4-2 xenografts in mice (Figure [7E](#F7){ref-type="fig"} and [7F](#F7){ref-type="fig"}). However, double knockdown of P300 and FASN had little or no further inhibition of C4-2 tumor growth in mice (Figure [7E](#F7){ref-type="fig"} and [7F](#F7){ref-type="fig"}). Oil red O staining in the xenograft tumor tissues showed that knockdown of P300 or FASN decreased the lipid accumulation in C4-2 xenografts *in vivo*, but double knockdown of P300 and FASN did not result in further significant inhibition of lipid accumulation in C4-2 tumors in mice (Figure [7G](#F7){ref-type="fig"} and [7H](#F7){ref-type="fig"}), consistent with the tumor growth data (Figure [7E](#F7){ref-type="fig"} and [7F](#F7){ref-type="fig"}). These data suggest that FASN is a key downstream effector that mediates P300-induced growth of PCa cells both in culture and in mice.

![P300 regulates the growth of PCa through FASN\
**A-B.** C4-2 cells were infected with different FASN shRNA (A) or P300 shRNA (B) and after 72 h of infection, cells were harvested for western blot analysis of expression FASN, P300 and ERK2 (loading control) proteins. **C-D.** C4-2 cells infected with FASN shRNA and/or P300 shRNA were subjected to analysis of expression of these proteins by western blot (C) and MTS assay (D). shF+P, FASN shRNA plus P300 shRNA. \* *P* \< 0.05. **E-H.** C4-2 cells infected with indicated shRNAs were injected s.c. into the right flank of nude mice (n = 5/group). The volume of each tumor at each time point (E), tumors at the end of treatment (F) and oil red O staining and P300 and FASN IHC in xenografts (G and H) are shown. Columns, mean values among three replicates; error bars, SD. \* *P* \< 0.05.](oncotarget-07-15135-g007){#F7}

DISCUSSION {#s3}
==========

Metabolic reprogramming in cancer cells has been recognized approximately a century ago. FASN is a key metabolic enzyme that plays a central role in lipid homeostasis. In agreement with the finding that lipid metabolism, rather than aerobic glycolysis appears to be the key energy source for PCa \[[@R4]\], increased expression of FASN correlates with worse prognosis and poor survival of PCa patients \[[@R39]\]. P300 is an essential transcription co-activator. Increasing evidence suggests that P300 is often overexpressed in human PCa and has been implicated in PCa proliferation and progression \[[@R16], [@R19]\]. In the present study, we identified *FASN* as a direct downstream target gene of P300 in PCa cells. We provided evidence that P300 binds to and increases H3K27Ac levels at the *FASN* promoter and that P300 expression correlates with FASN protein levels in human PCa specimens. In agreement with regulation of FASN expression, P300 also regulates lipid accumulation in PCa cells both *in vitro* and *in vivo*. Most importantly, we demonstrated FASN as a key mediator of P300-induced growth of PCa cells in culture and in mice. Thus, for the first time our findings not only unravel a previously undefined regulatory mechanism that leads to overexpression of FASN in PCa, but also uncover a molecular module that links the role of P300 to lipid metabolism in PCa.

Due to the unique energy dependence of PCa on lipid metabolism \[[@R4]\], it is of paramount importance to understand how the lipid metabolic pathways are deregulated in PCa. While it is well documented that FASN is often overexpressed during PCa progression, the molecular mechanisms as to how the FASN gene is regulated in PCa cells remains poorly understood. Approximately two decades ago, Swinnen and colleagues demonstrated that FASN expression is upregulated by androgens in LNCaP cells \[[@R40]\], an effect similar to progestins in breast cancer cells \[[@R41]\]. In line with this observation, further studies found that FASN expression decreases initially in LNCaP tumors following acute castration in mice \[[@R42]\]. However, FASN levels resume and continuously rise after long-term castration and the underlying mechanism is unclear thus far \[[@R42]\]. In the current study, we uncover that FASN expression is regulated by P300 in PCa cells both *in vitro* and *in vivo*, although it is warranted to determine which transcription factor(s) work in concert with P300 to promote FASN expression in these cells. Notably, it has been reported that P300 expression is upregulated following androgen deprivation treatment in LNCaP \[[@R43]\] and its expression is associated with human PCa progression \[[@R19]\]. Based upon the findings from us and others, we envision a model where P300 cooperates with the transcription factor(s) such as AR to transcriptionally regulate FASN expression in PCa cells. Following androgen ablation, P300 levels increase, which antagonizes the negative effect of androgen deprivation on FASN expression and ultimately leads to FASN upregulation in PCa after long-term castration. Further investigation of this hypothesis is warranted, findings from which could lead to define novel molecular mechanism that regulates FASN expression during castration-resistant progression of PCa, thereby providing alternative strategies for effective treatment of castration-resistant PCa in the clinic.

P300 possesses an intrinsic histone acetyltransferase (HAT) activity, which acetylates histones and other proteins. Histone acetylation remodels chromatin to relax its superstructure and makes chromosomal DNA more accessible \[[@R44]\]. Using ChIP assay, we demonstrated that P300 binds to the *FASN* promoter in cells. We further showed that H3K27Ac levels are readily detectable in the *FASN* promoter and knockdown of P300 substantially decreases H3K27Ac levels, suggesting P300 is a key factor responsible for H3K27Ac in the *FASN* promoter. In agreement with this observation, we found that the histone acetyltransferase (HAT) activity of P300 is required for P300 regulation of FASN expression in PCa cells. In addition to identification of the role of the HAT domain, we demonstrated that the evolutionarily conserved bromodomain is also required for P300 regulation of FASN expression in PCa cells. Specifically, we found that treatment of PCa cells with I-CBP112, the first highly potent and selective P300/CBP bromodomain inhibitor, drastically downregulates FASN expression. This effect appears to be mediated by the function of the bromodomains in both P300 and CBP proteins. Thus, mechanistically, we demonstrate that both the HAT activity and bromodomain function of P300 are required for its regulation of FASN expression in PCa cells.

Acting as an acetyltransferase, P300 can facilitate gene transcription by catalyzing acetylation of both histones and nonhistone proteins such as AR and p53. Thus, it is not surprising that the role of P300 in cancer is cellular content-dependent. Findings from the studies performed in cell culture, mouse genetic and human specimens invariably show that P300 is an oncogenic protein in PCa \[[@R16], [@R19], [@R33]\]. However, how P300 achieves such specificity in PCa cells has not been fully understood. As aforementioned, PCa exhibits a strong requirement for *de novo* FA synthesis \[[@R4]\]. The newly synthesized lipids appear to be critical to support a number of cellular processes such as cancer cell proliferation and survival \[[@R9]\]. In the present study, we found that expression of P300 positively correlates with FASN protein levels in a cohort of human PCa specimens. We further showed that P300 regulates FASN expression and lipid accumulation in PCa cells cultured *in vitro* and in mice. Most importantly, we identified FASN as a key mediator of P300-induced PCa cell growth *in vitro* and mice. Our data suggest that P300 functions as a unique oncogenic factor in PCa by, atleast in part, increasing FASN expression and subsequent FA synthesis and lipid metabolism. Given that *de novo* lipogenesis is a promising therapeutic target of PCa \[[@R45]\], the discovery of P300 regulation of FASN expression could lead to development of new strategies for PCa treatment.

MATERIALS AND METHODS {#s4}
=====================

Cell lines, cell culture and transfection {#s4_1}
-----------------------------------------

Cell lines PC-3, DU145, LNCaP were purchased from American Type Culture Collection (Manassas, VA). C4-2 cells were purchased from Uro Corporation (Oklahoma City, OK). PC-3, DU145, LNCaP and C4-2 cells were cultured in RPMI 1640 containing 10% fetal bovine serum (FBS), 100 μg/ml streptomycin, 100 U/ml penicillin, and 0.25 μg/ml amphotericin B. LAPC4 cells were kindly provided by Dr. Charles Sawyers (Memorial Sloan-Kettering Cancer Center, New York, NY) and were maintained in Iscove\'s Modified Dulbecco\'s Media with 10% FBS. Cells were incubated at 37°C with 5% CO2. These cell lines have been tested and authenticated (karyotyping, AR expression, and PTEN mutation status) for fewer than 6 months prior to this submission. Cell transfection was performed by electroporation using an Electro Square Porator ECM 830 (BTX) as described previously \[[@R21]\] or lipofectamine 2,000 (Life Technologies). Approximately 75% to 90% transfection efficiencies were routinely achieved.

Generation of prostate-specific *Pten* single- and *Pten* and *p300* double knockout mice {#s4_2}
-----------------------------------------------------------------------------------------

*Pten* conditional knockout (*Pten*^L/L^) mice were generated originally in the laboratory of Dr. Hong Wu, University of California Los Angeles \[[@R22]\] and purchased from The Jackson Laboratory. *P300* conditional knockout (*p300*^L/L^) mice were provided by Dr. Jan van Deursen at Mayo Clinic \[[@R23]\]. *Pb-Cre*4 transgenic mice were generated originally in the laboratory of Dr. Pradip Roy-Burman, University of Southern California \[[@R24]\] and acquired from the National Cancer Institute (NCI) Mouse Repository. As we reported previously \[[@R16]\], cohorts of prostate-specific *Pten* deletion (*Pten*^pc−/−^) and *Pten*/*p300* double deletion (*Pten*^pc−/−^;*p300*^pc−/−^) mice were generated from Cre^+^;*p300*^pc+/−^;*Pten*^pc+/−^ males and *p300*^L/+^;*Pten*^L/+^ females, which were obtained by cross-breeding *Pb-Cre*4 males with *p300*^L/L^ and *Pten*^L/L^ females. All procedures were approved by the Mayo Clinic Institutional Animal Care and Use Committee (IACUC) and conform to the legal mandates and federal guidelines for the care and maintenance of laboratory animals.

Antibodies and reagents {#s4_3}
-----------------------

Antibodies against P300 (C-20), CBP (C-20) and ERK2 (D-2) were purchased from Santa Cruz Biotechnology. Antibody against FASN (NB400-114) for western blot was purchased from Novosbio. FASN antibody (C20G5) for IHC staining was purchased from Cell signaling Technology. Antibody against pan histone H3 and H3K27Ac (ab4729) were purchased from Abcam. Panobinostat (LBH589) was obtained from Astar Biotech LLC (Richmond, VA). Curcumin was purchased from Sigma-Aldrich. I-CBP-112 was purchased from Xcess Biosciences.

Western blot analysis {#s4_4}
---------------------

Protein samples were prepared by lysing cells in modified RIPA buffer \[1×PBS, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, and protease inhibitor cocktail (Sigma-Aldrich)\]. Lysates (50--100 μg) were separated on a 7.5% SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed with the specific primary antibody and HRP-conjugated secondary antibody and then visualized by chemiluminescence.

Semi-quantitative and real-time RT-PCR {#s4_5}
--------------------------------------

Total RNA was isolated with Trizol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized using SuperScript II reverse transcriptase (Invitrogen). Quantitative real-time PCR was carried out using the iQ SYBR Green Supermix and an iCycler iQTM detection system (Bio-Rad) according to manufacturer\'s instructions. The 2−ΔΔCt method was used to calculate the relative expression level by normalizing to glyceraldehyde-3-phosphate dehydrogenase (*GAPDH*) levels. The following primer sequences were used: *P300*, forward 5′-CAATGAGATCCAAGGGGAGA-3′ and reverse 5′-ATGCATCTTTCTTCCGCACT-3′; *FASN*, forward 5′-TGAATCACCAGTGCCAACTCAAGG-3′ and reverse 5′-TCGTGTCTGAGGACTTTCAGCTTC-3′; *CBP*, forward 5′-GTGCTGGCTGAGACCCTAAC-3′ and reverse 5′-GGCTGTCCAAATGGACTTGT-3′; *Fasn*, forward 5′-TGTGCTCCCAGCATGCAGGCC-3′ and reverse 5′-GCCCGGTAGCTCTGGGTGTA-3′; *GAPDH*, forward 5′-ACCCACTCCTCCACCTTTGAC-3′ and reverse 5′-TGTTGCTGTAGCCAAATTCGTT-3′; *Gapdh*, forward 5′-ACAACTTTGGCATTGTGGAA-3′ and reverse 5′-GATGCAGGGATGATGTTCTG-3′.

Chromatin immunoprecipitation (ChIP) assay {#s4_6}
------------------------------------------

The ChIP assay was performed as described previously \[[@R25]\]. The soluble chromatin was incubated with 2 μg of non-specific control rabbit IgG, P300 or H3K27Ac antibodies. PCR was performed using primers specific for the P300 binding region in the *FASN* promoter, forward 5′-GGCTGCTCGTACCTGGTG-3′ and reverse 5′-GATGGCCGCGGTTTAAATA-3′. Quantitative real-time PCR was performed with ChIP samples using the iQ SYBR Green Supermix and an iCycler iQTM detection system (Bio-Rad) according to manufacturer\'s instructions.

Oil red O staining {#s4_7}
------------------

LNCaP cells were transfected with non-specific (NS) control or P300-specific siRNAs, or treated with curcumin or I-CBP-112 with different concentrations. After 48 h of transfection or 24 h of drug treatment, cultures were washed with 1×PBS and fixed for 1 h in a 5% formaldehyde solution in 1×PBS. After washing with 1×PBS, cells were stained with oil red O as described previously \[[@R26]\]. Fresh frozen prostate tissues from 4-month-old *Pten*^pc−/−^ and *P300*^pc−/−^;*Pten*^pc−/−^ mice (n = 3/group) and xenograft tumors were sectioned (5 μm). Frozen sections were fixed with 4% paraformaldehyde in 1×PBS for 1 h and then followed by oil red O staining as described above. Staining was assessed using bright-field microscopy. The lipid accumulation was quantified by measuring the oil red staining positive areas using the software Image J. Staining positive cells were scored in average six random visual fields.

MTS assay {#s4_8}
---------

C4-2 cells were transfected with non-specific (NS) control or P300 and/or FASN-specific siRNAs and then seeded in 96-well plates at a density of 3,000 cells per well in 10% CSS medium. The viable cells were assessed by MTS (PRG3581; Promega, Madison, WI) assay. Absorbance values (490 nm) were measured on six repeat samples using a VERSAmax Microplate Reader.

Human PCa specimens and IHC scoring {#s4_9}
-----------------------------------

Thirty-two prostate cancer tissues \[Gleason score (GS10), 1 case; GS9, 2 cases; GS8, 5 cases; GS7 14 cases; and GS6, 10 cases\] were selected randomly from patients with biopsy-proven PCa that have been treated at the Mayo Clinic by radical retropubic prostatectomy between January 1995 and December 1998 without neoadjuvant therapy. The age of the patients ranged from 47 to 73 years (mean 62.9 years old). The study was approved by the Mayo Clinic Institutional Review Board. Antigen retrieval and immunostaining was performed as described \[[@R27], [@R28]\]. Primary antibodies used were: P300 (1:1,000) and FASN (1:100) was performed as described previously \[[@R16]\]. Staining intensity of each slide was graded accordingly (intensity: 0, no staining; 1, low staining; 2, media staining; and 3, strong staining). A final staining index (SI) SI score for each staining was obtained by multiplying values obtained from staining percentage and intensity and used for correlation analysis.

Mouse xenograft studies {#s4_10}
-----------------------

All mice were housed in standard conditions with a 12 h light/dark cycle and access to food and water ad libitum. The mouse studies were approved by the Mayo Clinic IACUC. Athymic (nu/nu) 6-week-old males (Harlan) were used for all *in vivo* experiments. C4-2 cells infected with FASN shRNA or P300 shRNA or both (in 100 μl serum free RPMI medium) were injected s.c. into the right flank (5×10^6^ cells) of mice. After xenografts reached the size around 200 mm^3^ (9 days after injection), volume of tumors were measured every day with a calliper. After 17 days of the injection, tumor grafts were harvested and embedded in OCT (optimum cutting temperature compound) or formalin-fixed and paraffin-embedded (FFPE). OCT and FFPE-processed tissues were subjected to oil red staining and P300 and FASN IHC, respectively.

Statistical analysis {#s4_11}
--------------------

Experiments were carried out with three or more replicates unless otherwise stated. All values were expressed as means±SD. Comparison between two mean values was made by independent-sample t-test. For analysis of correlation between P300 and FASN protein expression in human PCa specimens, nonparametric spearman rank correlation was used. *P* \< 0.05 was considered statistically significant.

SUPPLEMENTARY FIGURES AND TABLES {#s5}
================================

This work was supported in part by grants from the National Institutes of Health (CA134514, CA130908 and CA193239 to H.H.), the Department of Defense (W81XWH-09-1-622 to H.H.), Natural Science Foundation of China (81172541 to G. W. and 81502190 to X. G.) and Natural Science Foundation of Jilin Province of China (201015139 to G. W.).

**CONFLICTS OF INTEREST**

The authors declare no conflict of interest in this study.

**Author contributions**

HH conceived the study. XG, YY, JZ, KJ, LD and YP performed the experiments. RJK and JZ verified PCa patient samples. JZ, XG and HH determined IHC scores. HH, XG and WX wrote the paper.

**Editorial note**

This paper has been accepted based in part on peer-review conducted by another journal and the authors\' response and revisions as well as expedited peer-review in Oncotarget.
